Procedure used in all titration studies
Stock solutions were prepared in volumetric flasks using HPLC solvents or milliQ water. From each stock solution the experiment solutions were prepared by dilution. An aliquot of the stock solutions was taken out using either a fixed volume glass pipet (V > 2 ml) or using adjustable volume displacement pipettes (V < 2 ml). The aliquot was placed in a volumetric flask, aliquots of either methanol, concentrated PBS or concentrated HEPES was added and the volumetric flask was filled using water. The titrant, in all cases an acid residue, was prepared containing the analyte and at a concentration roughly ten times that of theanalyte. In this way the analyte concentration was kept constant throughout the titration. To prepare the acid experiment solutions an aliquot of the acid stock solution was taken out and placed in a volumetric flask. To this an aliquot of the analyte stock was added, followed by aliquots of either methanol, PBS or HEPES. The volumetric flask was then filled with water.
The titrations were performed in a fluorescence cuvette using 1 ml of the analyte solution. The titrant was added using a volume displacement pipette. At each datapoint several luminescence spectra were recorded and in some cases the lifetime of the luminescence was determined. The peak intensity at several wavelengths was determined and using to determine the binding constant using the DynaFit software.
All measurements were performed on a Cary Eclipse spectrometer. Typical parameters for recording spectra were: excitation wavelength: 240/397/488 nm, excitation slit: 20 nm, emission slit: 10 nm, gate time: 0.1 ms, delay time: 0.1 ms, total experiment time: 20 ms.
Data fitting using DynaFit
The Dynafit software P. Kuzmic (1996) Anal. Biochem. 237, 260-273 is apart from model distinguishing, capable of fitting both rate constants and equilibrium constants from experimental data. For equilibria, data from titrations using UV/vis, NMR and emission spectra can be used to determine binding models and binding constants. A datafile with 'observable' versus titrant concentration must be generated. The datafile is coupled with a script that includes the starting concentration of the analyte, the molecular response of the observable i.e. response per concentration unit and the model for the equilibrium.
The DynaFit software allows for globally fitting to allow for better determination of the fitted parameters. In the example below six independent datasets are used to determine the equilibrium constants.
Scripting
A typical script, the '?' denotes the fitted values, '??' gives the fitted value with confidence intervals:
[task] task = fit data = equilibria
[mechanism] Eu + Phth <==> complex1 : K1 assoc Phth + complex1 <==> complex2 : K2 assoc Titrations of Eu.propargyl-DO3A (5.Eu)
The binding of simple aromatic carboxylic acids to lanthanide complexes is complex. Here, partly due to the low solubility of the acids. Thus, model systems comprised of combinations of the acids and the lanthanide complex shown in scheme S1 was first investigated by luminescence titrations in a mixed solvent. The concentrations used were in the 0.1 mM range. The initial target was to perform the titrations in buffered water, but it was found 75 % of methanol in water was needed to ensure that all acids were soluble. Scheme S1. Carboxylic acids and Ln.propargylDO3A (5.Ln) complex used in this study
The effect of the complexation of 5.Eu with the aromatic acid on the spectral shape is shown in figure S1 . The effect is not large and the I 590 /I 616 ratio cannot be used to follow the equilibrium. Instead the luminescence intensity can be used as the binding of carboxylic acids liberate water from the nonacoordinate europium. The ligand is only heptadentate and two additional ligands must be supplied. In aqueous media the ligand is water and the O-H osccilators quench the luminescence. Thus, a higher quantum yield/emission intensity is found upon binding of carboxylic acid 1-4 to the lanthanide complex. The change in emission intensity (I) as a function of acid concentration can be fitted to a binding model using DynaFit. The data cannot be fitted with a simple two state model. As several models are possible the model discriminating capabilities of DynaFit was used to quantify the conclusions that could be made by inspection of the data. The conclusion was that model 1, shown in figure S2 , is the only possible binding model. Hence, the binding occurs in two steps. First, a 1 to 1 binding occurs with a corresponding increase in the emission intensity. Then, a 2:1 binding occurs that cannot be separated from a precipitation/polymer formation that in effects removed luminophores from the solution, thus decreasing the emission intensity. Data from the three titrations of 5.Eu with benzoic acid (1), isophthalic acid (3) and terephthalic acid (4) are shown in figure S3. The complexation was followed by both emission intensity and lifetime monitored at several wavelengths with excitation at 240 nm and 397 nm. The results of the fitting procedure are compiled in table S1. No good fit could be performed to the lifetimedata from the titration with benzoic acid. Figure S3 . The output from DynaFit from the fitting of the titration of 5.Eu with benzoic acid (1), isophthalic acid (3) and terephthalic acid (4) in 3:1 methanol/water. The data is shown as measured parameter as a function of acidconcentration. The intensity data and fits are shown on the left and the lifetime data and fit are shown on the right.
Titrations of Eu 2 .1 (6.Eu)
As for the titration of Eu.propargyl-DO3A (5.Eu) Model 1 shown in figure S2 is the only liable model for the binding of acids 1-4 to the dinuclear europium complex 6.Eu (Eu 2 .1). The structure is shown in scheme S2. This fact was asserted by both direct inspection of the data and the model discrimination statistics of DynaFit.
Scheme S2. Eu 2 .1 in the paper and 6.Ln in SI
The spectral change upon complexation between 6.Eu and acids 1-4 is very limited as shown in figure S4 . As with 5.Eu the intensity and lifetime data can be used to determine the binding constants for the equilibria in Model 1 of figure S2. Figure S4 . Normalised emission spectra of Eu.6 and complexes thereof in 3:1 methanol/water
Data from the three titrations of 6.Eu with benzoic acid (1), phthalic acid (2), isophthalic acid (3) and terephthalic acid (4) are shown in figure S5 . The complexation was followed by both emission intensity and lifetime monitored at several wavelengths, with excitation at 240 nm and 397 nm. The results of the fitting procedure are compiled in table S2. No good fit could be performed to the lifetimedata from the titration with benzoic acid. Phthalic acid is assumed to be show strong bidentate binding, different from the other acids used, thus the dataset was not fitted using the complex model 3. The phthalic acid lifetime data was fitted to a simple two state model. 3:6Eu-data (squares) and fits (lines). Some of the better fits, the peak in the intensity cannot be modelled as well as with the other acids due to the very large binding constant in the first equilibrium 4:6Eu -data (squares) and fits (lines). right: the fit shown is an example of a bad fit using model 2 Figure S5 . The output from DynaFit from the fitting of the titration of 6.Eu with benzoic acid (1), phthalic acid (2), isophthalic acid (3) and terephthalic acid (4) in 3:1 methanol/water. The data is shown as measured parameter as a function of acidconcentration. The intensity data and fits are shown on the left and the lifetime data and fit are shown on the right. The preparation of 3 is described in B.P. Burton-Pye, S. Faulkner, Chem. Commun., 2005, 259. The terbium complex was prepared by an analogous methodology to that used in this paper, viz. methyl 1,4,7,10-tetraazacyclododecane 1,4,7-trisaceticacid 10-methyl 4-benzoate (0.05g, 0.1mmol) was suspended in methanol (2ml) and 1.1 molar equivalents of the lanthanide triflate salt were added to the solution. The solution was stirred for 24 hours and the solvent removed under vacuum and the product was recrystallised from hot ethanol ( (50 cm 3 ), and then NaHCO 3 (5.08 g, 47.9 mmol) was added to the stirring mixture. Chloroacetyl chloride (0.53 g, 0.37 cm 3 , 4.79 mmol) was added drop-wise to the solution, and then the mixture was stirred at room temperature for 24 h. Dichloromethane (200 cm 3 ) was added to the mixture, which was then filtered. The filtrate was evaporated under reduced pressure, to produce a creamy beige/white solid. The crude product was then recrystallised using minimum hot DCM (~75 cm 3 ) to leave the product as a white solid, (1.29 g, 93% 1,4,7-Tris-(tert-butoxycarbonylmethyl)-10-acetyldimethyl-5-aminoisophthalate-1,4,7,10-tetraazacyclododecane Tris tert-butyl 1,4,7,10-tetraazacyclododecane-1,4,7-triacetate hydrobromide salt (1.02 g, 1.98 mmol) was dissolved in acetonitrile (30 cm 3 ), then caesium carbonate (3.18 g, 9.78 mmol) was added to the stirring solution. Dimethyl-5-aminoisophthalate acetylchloride 2 (0.55 g, 1.98 mmol) was dissolved in acetonitrile (10 cm 3 ), and added drop-wise to the triester mixture. The mixture was stirred at room temperature for 5 d, and was monitored by TLC. The solution was filtered and the filtrate was evaporated under reduced pressure to yield a yellow solid. The yellow solid was dissolved in minimum hot methanol (~10 cm 3 ), from which the product crystallised out as a white powder overnight in the fridge (0.51 g, 34% 50.8, 51.9, 52.3, 52.9, 55.2, 56.0, 56.9, 59 .0 (CO 2 CH 3 , N-CH 2 CONH, N-CH 2 and N-CH 2 COO), 80.8, 81.1 (CCH 3 ), 124.7, 125.8, 131.1, C, 59.75; H, 8.05; N, 9.17. Found: C, 59.46; H, 8.21; N, 8.99 10-acetyldimethyl-5-aminoisophthalate-1,4,7,10-tetraazacyclododecane-1,4,7-triacetate 1,4,7-Tris-(tert-butoxycarbonylmethyl)-10-acetyldimethyl-5-aminoisophthalate-1,4,7,10-tetraazacyclododecane (0.6 g, 7.9 x 10 -4 mol) was dissolved in dichloromethane (10cm 3 ) and trifluoroacetic acid (10 cm 3 ) was added drop-wise to the stirring solution. The reaction mixture was stirred at room temperature for 24 h. The solvents were then removed in vacuo and the residue was washed repeatedly with dichloromethane (3 x 10 cm 3 ) and methanol (5 x 10 cm 3 ). This yielded a hygroscopic yellow solid (0.43 g, 91% O, 300K) δ C 50.9, 54.9 (broad signal, CO 2 CH 3 , N-CH 2 CONH, N-CH 2 and N-CH 2 COO), 114.9, 117.6, 125.2, 126.2, 130.9 (ar-C), 162.3, 163.4, 167.5 H, 5.68; N, 9.39. Found: C, 45.69; H, 5.95; N, 9.19. 10-acetyldicarboxylicacid-5-aminoisophthalate-1,4,7,10-tetraazacyclododecane-1,4,7-triacetate, (Na 5 .8) 10-acetyldimethyl-5-aminoisophthalate-1,4,7,10-tetraazacyclododecane-1,4,7-triacetate (0.2g, 3 .36 x 10 -4 mol) was dissolved in distilled water (2cm 3 ), then 5 molar equivalents of NaOH (1.67cm 3 , 1M) were added drop-wise to the stirring solution. The solution was stirred at room temperature for 5 h. Any precipitate was filtered off, before adding an excess of acetone to the filtrate, until the solution went cloudy. The solution was kept in the fridge overnight, where an orange oil formed at the bottom of the flask. The solution was carefully decanted off, to leave behind the orange oil product, which was dried overnight under vacuum, to yield the product. (0.13 g, 68% Thank you for your email of 5 th July. We have amended our manuscript in the light of comments by referees, and now return it to you.
Lifetimes of Eu 2 .1 & Eu 2 .1:7
To take the comments of the referees in turn. Referee 1 suggests that we might consider removing the discussion of self-assembly between Eu.2 and Tb.3. Having given this due consideration, we feel that this discussion should remain in place, since it illustrates the importance of multiple interactions in stabilising the other system. Referee 1 also suggests that we should amend our discussion of cooperative binding to include the work of Ercolani et al. We have added this reference, and amended the text to confirm that cooperativity is not necessarily involved in the processes discussed. Referee 2 asks for data relating to the characterisation of the complexes involved: this has already been published (in references 8, 9, 11, 12 and 17)-since reference 17 remains in review, we have added the appropriate section to the supplementary information for this paper.
We hope that these amendments meet with your approval. Should you require anything further, please do not hesitate to contact me.
Yours sincerely,
Stephen Faulkner
